Human health and biological safety problems resulting from urban drinking water pipe network biofilms pollution have attracted wide concern. Despite the inclusion of residual chlorine in drinking water distribution systems supplies, the bacterium is a recalcitrant human pathogen capable of forming biofilms on pipe walls and causing health risks. Typical drinking water bacterial biofilms and their response to different concentrations of chlorination was monitored. The results showed that the four bacteria all formed single biofilms susceptible to sodium hypochlorite. After 30 min disinfection, biomass and cultivability decreased with increasing concentration of disinfectant but then increased in high disinfectant doses. PMA-qPCR results indicated that it resulted in little cellular damage. Flow cytometry analysis showed that with increasing doses of disinfectant, the numbers of clusters increased and the sizes of clusters decreased. Under high disinfectant treatment, EPS was depleted by disinfectant and about 0.5-1 mg/L of residual chlorine seemed to be appropriate for drinking water treatment. This research provides an insight into the EPS protection to biofilms.
INTRODUCTION
The presence of biofilms in drinking water systems has been a major concern to municipal water providers and consumers. Although there are usually residual concentrations of chlorine in drinking water distribution systems (DWDSs), biofilms can form even in oligotrophic conditions. Biofilms are more tolerant to antibiotics and disinfectants than their planktonic cells (Donlan & Costerton ; Davies ; Steed & Falkinham ; Bridier et al. ) . As a result, these biofilms are a potential risk to human health as the planktonic cells in the biofilms can release to the drinking water in some conditions. Strategies aimed at preventing or interfering with the initial adhesion and subsequent biofilms formation are a considerable achievement to the control of drinking water quality as most of the bacteria in DWDSs are located at the pipe wall (Flemming et al. ) .
Biofilms control in DWDSs is usually performed using a strong oxidizing agent such as chlorine, ozone or chlorine dioxide. Among these, chlorine disinfection is an effective method to prevent biofilm formation in DWDSs and assure safe drinking water. However, as the ecology of biofilms is a complex combination of physicochemical and biological parameters, the mechanisms responsible for the survival of bacteria in DWDSs are still poorly understood.
Microorganisms within the biofilms can respond to these local environmental conditions in various ways. For example, biofilm species composition can affect the efficacy of disinfection (Behnke et al. ) . Multispecies of biofilms increased their resistance to disinfection due to suitable niches of bacteria in a particular microenvironment (Burmolle et al. ; Simoes et al. ) . In addition, it was reported that exposure of pure cultures of bacteria to chlorhexidine resulted in its bioaccumulation, which had an impact on the biofilms and cells, including viability, structure and biochemistry (Behnke & Camper ) . Thus, knowledge of the efficacy of disinfectant to the biofilms is of great importance.
Biofilms which attach to the pipe surface are communities of microorganisms undergoing profound changes during their transition from planktonic (free-swimming) organisms to cells that are part of a complex, surfaceattached community. Extracellular polymeric substances (EPS), known as the major constituent of biofilms, has many functions including storing nutrients for biofilms growth, promoting structural development and providing a protective barrier (Harrison et al. , ; Chang et al. ) . Bacteria in biofilms are considered to be a protective layer and are highly heterogeneous in their composition (Donlan & Costerton ; Davies ) . It has been found that increased resistance may be the result of limited diffusion of disinfectants into the biofilms due to the EPS matrix that protected the deeper layers of cells (Debeer et al. ; Jang et al. ) . The composition and viscosity of EPS changed when the biofilm was exposed to disinfectant. The disinfection efficacy of commonly used disinfectants on detached biofilm particles has not been fully investigated. Thus, in order to control the biofilm growth, it is important to study the role of EPS in the resistance of biofilms to disinfectant.
In many developing countries, high disinfectant doses
were used in DWDSs due to relatively low water qualities.
Are these high disinfectant doses sufficient to kill planktonic free floating cells and the cells within detached biofilm clusters? In DWDSs, EPS may affect the characteristics of biofilms and influence the efficiency of disinfection. For example, it was found that EPS could increase the resistance of biofilms and detached biofilms to chlorine (Xue et al. ) . Therefore, knowledge of the efficacy of disinfectants and the role of EPS on resistance of biofilm will provide valuable information regarding minimal disinfectant residuals to control biofilms in DWDSs, thus maintaining drinking water quality. The aim of the present study was to assess the efficacy of different concentrations of sodium hypochlorite to study the resistance of biofilms to disinfection for 30 min. Four representative drinking water biofilm bacteria were chosen and exposed to sodium hypochlorite for a short time to monitor the susceptibility of biofilms.
The role of extracellular polymeric substances and the redistribution of cell clusters from biofilms were also investigated and discussed.
MATERIAL AND METHODS

Biofilm formation
The four representative drinking water biofilm-isolated bacteria used throughout this work were isolated from some drinking water and related environments in southeast China and identified previously in our lab. These bacteria were: Klebsiella H1 from Jiulong River, Pseudomonas C5 from Xinglin River, Flavobacterium GS3 from biofilms attached to the granular activated carbon, and Sphingomonas Z22 from tap water in our laboratory respectively.
Bacteria were grown overnight in batch cultures using 50 mL of R2A broth (25 W C, 150 rpm) and OD600 was detected. For each cellular density of about 1 × 10 7 cells/mL was obtained in the biofilms. The biofilm formation was carried out with the wells of sterile 96-well polyvinylchloride microtiter plates. Two hundred μL of each bacterium suspension were transferred to the wells. The plates were incubated at 25 W C for 48 h.
Disinfectant (sodium hypochlorite) treatments
The content of each well was removed and the wells were washed with 200 μL of sterile distilled water twice to remove reversibly adherent bacteria. All experiments were performed in triplicate with at least three repeats. The remaining attached bacteria on the inner walls of the wells were exposed to disinfectant solutions (free chlorine) at various concentrations (0, 0.125, 0.25, 0.5, 1, 2, 5 and 10 mg/L).
The sodium hypochlorite solutions remained in contact with the biofilms for 30 min. After treatment, the disinfectant solutions were removed. Sodium thiosulfate solution at 0.5%
(wt/vol) in sterile distilled water was used to quench the activity of the disinfectant as described previously (Simoes et al. ) . The biofilms were then analyzed in terms of biomass and cultivability.
The biofilms were stained with crystal violet (CV), the dye was dissolved with ethanol. The optical density (OD) of each well was then measured at 570 nm using a microtiter plate reader (Molecular Devices, Sunnyvale, CA, USA), and biofilm biomass was presented as OD570. Cultivability was assessed in R2A in terms of cultivability using R2A plates.
The numbers of colony-forming units (CFU) of attached bacteria were enumerated using gradient dilution and spread plate methods. The sodium hypochlorite effectiveness was assessed based on the cultivability and biomass. The effect of chlorination of surface charge of detached clusters was analyzed by measuring zeta potential.
Extraction and quantitative analysis of EPS 
).
Statistical analysis SPSS 13.0 was used to analyze the data. The data were presented as mean ± standard deviation. Significance of differences was analyzed by one-way analysis of variance (ANOVA) test. P < 0.05 was considered to be statistically significant.
RESULTS
Biofilm biomass and cultivability
In order to assess the resistance of biofilms to disinfection, standard 96-well microtiter plates with CV staining were used to characterize biofilms. The biomass was defined as OD570. As shown in Figure 1 then increased, suggesting that the cultivability decreased with increasing disinfectant concentration first, then displayed a higher number of cultivable cells (Figure 2 ).
Zeta potential
The zeta potential, or potential at the solid-liquid interface, is a fundamental parameter in models of electrical double layers and their associated properties (Kirby & Hasselbrink a, b) . Zeta potential was monitored to evaluate the influence of chlorination on the surface charge of detached clusters. For the detached clusters from the biofilms after different concentrations of disinfectant treatment, there were no significant differences after the NaClO treatments (Figure 3 ). All the zeta potential values in different treatments were low, suggesting the high reattachment rate for the detached clusters.
Size and number of clusters after exposure to different concentrations of disinfectant solutions EPS analysis results in this study showed that the EPS con- It seemed that 0.5-1 mg/L sodium hypochlorite was the appropriate dose.
Our results showed that even in very high doses of residual chlorine (5 and 10 mg/L), the tested strains persisted. High doses of chlorine could not kill all the bacteria in the biofilms after 30 min disinfection. In a previous study, it was also reported that even with 4.3 mg/L of free chlorine residual coliforms may persist (Lechevallier et al. ) . Our results were consistent with these results.
According to the World Health Organization, 2-3 mg/L of chlorine should be added (Simoes et al. ) . The maximum amount of chlorine one can use is 5 mg/L. However, bacteria could persist even in 10 mg/L of disinfectant in this study. This was consistent with a previous report which found that some Gram-positive, spore-forming bacteria were able to survive in 10 mg/L of free chlorine (Ridgway & Olson ) . However, in another study, it was reported that almost all of the bacteria were killed under 10 mg/L of disinfectant after three 20 min sessions of disinfection (Simoes et al. ) . So it seemed that the High doses of disinfection resulted in higher CFU in this study. Low zeta potential values detected in all of the samples indicated that a portion of the strains were still able to reattach despite the presence of disinfectant. It was reported that chlorine dioxide at 25 mg/L did not penetrate beyond a depth of 100 μm into a complex dairy biofilm that was 150-200 μm thick ( Jang et al. ) . Therefore, the EPS matrix might be the barrier for chlorine to kill the cells. In fact, the planktonic-biofilm transition is a complex and highly regulated process. Attachment is considered to be required for biofilm formation, and bacteria interact with the surface through adhesions including polysaccharides and surface proteins which were the main components of EPS, with initial contact often mediated by active motility.
We detected the EPS contents after disinfection. However, they were below the detection threshold. FCM results suggest that the total numbers of clusters decreased sharply with increasing concentrations of disinfectant first, but then increased (Figure 4) properties or viscosity due to the different treatment of disinfectant. Therefore, when the biofilms were exposed to disinfectant, EPS and disinfectant reacted first in 30 min disinfection. As a result, the cells in the biofilms could survive.
That was why there were still many viable cells in the high dose of disinfectant.
EPS was depleted by disinfectant so that the detached clusters from all tested strains were still able to survive and immobilize themselves downstream, forming viable new biofilms. In addition, the injured cell population during disinfection should be considered since they may recover and recolonize the surfaces (Lindsay et al. ) .
That was why the biomass and cultivability increased under the high dose of disinfectant in this study. Our results showed that an appropriate dose of disinfectant should be used in the drinking water treatment. 
CONCLUSION
